Aspergillus fumigatus causes serious, life-threatening human infection, and is one of the most important pathogenic fungi. Little is known, however, about its mechanism of infection or its virulence factors.
Introduction
Aspergillosis is one of the most important systemic mycoses in Japan, and it has been on the increase in recent years. The infection primarily involves the lung, followed by the brain and other internal organs, and is often life-threatening. The most common and virulent etiologic agent causing systemic aspergillosis is Aspergillus fumigatus. The mechanism of the pathogenicity of this fungus has been variously investigated, and many virulence factors were proposed, including protease 1~, Asphemolysin2 ) , mitogillin3' 4 , fumagillin, helvolic acid, rodlet 5 and gliotoxin 6 s . However, none of them has been confirmed to play a key role in the pathogenicity, and thus the virulence mechanism is yet to be identified.
Leukocytes, such as neutrophils and macrophages, are known to play a major role in the defence of fungal infection. While studying the antifungal activity of macrophages, we found that they were readily destroyed when cocultured with A. fumigatus even when they were not in direct contact with the fungus (unpublished observation).
On the basis of this finding, we suspect that A.
fumigatus may elaborate and release some toxic substance (s) which impairs the antifungal activity of macrophages, and that this process could be an important virulence factor of this facultative fungus. Although various aspects of the culture filtrate of A, fumigatus have been studied, no report has ever suggested its serious effect on macrophages. The purpose of this study was to determine what effect there was on macrophages, and, if any, also to ascertain whether the same phenomenon as that seen in the coculture system takes place.
Materials and Methods

Fungi
Four isolates of A. fumigates ( IFM 41362, IFM 47439, IFM 47450, IFM 49824) were used throughout the study. IFM 41362 and IFM 47439 were from patients with invasive pulmonary aspergillosis, and IFM 47450 and IFM 49824 from patients with allergic bronchopulmonary aspergillosis (ABPA) . Other isolates used were from. A. niger (IFM 47753 and IFM 49437 were isolated from aspergillosis patients, and IFM 47800, a type strain, was isolated from the environment), A. f anus ( IFM 47127 was isolated from an empyema patient; IFM 47130 was isolated from an aspergillosis patient, and IFM 50915 from an ABPA patient) and A. terreus (IFM 47047 was isolated from a patient of otomycosis, IFM 47277 and 49623 were isolated from ABPA patients). All of the isolates were stored and maintained in the culture collection of our laboratory.
Each isolate was cultured on potato dextrose agar ( Difco Laboratories, Detroit, Michigan, USA) plates at 35°C for 7 days for sporulation. The spores were collected with phosphate-buffered saline (PBS) with 0.05% Tween 20 and washed. The spore suspension was adjusted to 5 X 104/ml in RPMI 1640 (Sigma, St. Louis, Missouri, USA).
Macrophages
Murine peritoneal macrophages were collected as described by Levitz and DiBenedetto'0 . In brief, eight-week-old male BALB/c mice (Charles River Japan Inc., Yokohama, Japan ) were anesthesized with ether and venous blood was collected. The peritoneal cavity was then rinsed with RPMI 1640 and peritoneal cells were collected, rinsed and their concentration was adjusted to 2 X 105/ml with RPMI 1640. One hundred microliters of the suspension put into each well of a 96-well microplate (Nalge Nunc International, Roskilde, Denmark) . The viability of nucleated cells as measured by Eosin Y dye exclusion was >87%. Macrophage content in the cell suspension was more than 70% as estimated by differential counts of stained cells (Dif Quick Stain, Baxter Healthcare Corporation, McGaw Park, IL, USA) , and peritoneal cells were used as resident peritoneal macrophages thereafter. In some experiments, peritoneal cells were cultured in a CO2 incubator at 3TC for 2 h, non-adherent cells were removed, and the adherent cells were used.
Aspergillus fumigatus culture filtrate To obtain culture filtrates, 96-well and 24-well flat-bottomed microplates ( Sumitomo Bakelite Co., Ltd., Tokyo, Japan ) were used. Spore suspensions of A. fumigates were put into each well (100 ,al for 96-well microplates and 400 l for 24-well microplates, respectively) , and were cultured in a CO2 incubator at 3TC. The depth of the suspension in the wells was approximately 2 ~ 3 mm under both conditions. Twenty-four hours later, the culture medium was collected, sterilized with a filter with a pore size of 0.22 /C m ( Amicon Inc., Beverly, MA, USA ) , and stored at -80 ° C until use. The pH of some samples was determined using a pH meter (Yanagimoto Inc., Japan) . In some experiments, the culture filtrate was heat-treated (100 ° C for 10 min) before adding to the macrophages.
Morphological changes of macrophages cocultured with Aspergillus spp.
Macrophages (5 X 104/ml) were put into wells of a 96-well microplate with 10% of autologous serum. Spores of Aspergillus spp. were diluted, then added to the wells to achieve an E/T ratio of 100/ 1. The cells were then cultured at 37 ° C for 48 h, and were checked periodically under a microscope for morphological changes.
Morphological changes of macrophages treated with culture filtrate One hundred microliters of macrophage suspension was put into wells of a 96-well microplate with 10% of autologous serum, and the culture filtrate was added at concentrations of from 1 to 10 % . The cells were incubated at 3T C in a CO2 incubator, and the macrophage morphology was checked frequently with an inverted microscope for up to 24 h. The viability of the macrophages was also determined by Eosin Y staining. Macrophages without culture filtrate were used as control. To determine the effect on the viability of macrophages, 50 ~C l of macrophage suspension with or without the culture filtrate was placed on sterile slides and incubated in a humidified CO2 incubator at 3TC for 24 h. At 1 h, 4 h, 12 h and 24 h, 50 p l of Eosin Y solution (0.2 % ) was added to the cells and the viability was determined.
Results
Changes
in macrophages cocultured with Aspergillus spp. (Fig. 1) To determine the effect of the presence of Aspergillus spp. on macrophages, murine peritoneal macrophages were cocultured with spores of Aspergillus spp. at 37 ° C for 24 hours. Some macrophages were cultured alone for control. When checked by microscope after 24 hours, macrophages used for control were seen to be growing in a spindle-shaped manner (Fig. 1B) . All of the Aspergillus isolates grew in a mycelial form when cultured alone. A. fumigatus also changed into mycelial form when cocultured with macrophages: however, the macrophages did not grow in a spindle shape, but rather in a small round form (Fig. 1A) . Of particular interest was the fact that these changes were also evident in macrophages that had no direct contact with mycelia. In contrast, macrophages remained morphologically intact when cocultured with the other Aspergillus spp. used.
Effect of culture filtrate of A. fumigatus on macrophages (Fig. 2 numerous cellular fragments appeared in the medium, suggesting that many macrophages had been fragmented and destroyed. The culture filtrates taken from 96-well and 24-well microplates revealed exactly the same results.
Effect of culture filtrate of other Aspergillus spp. on macrophages When 1 % of culture filtrate of A. terreus or A. flavus was added to the culture medium of macrophages, no effect was seen on macrophage morphology. Even when the concentration was increased to 20%, there was no difference between culture filtrate-treated and non-treated macrophages. In A. niger, morphological changes were not seen at 10 %, but at 20 % of culture filtrate slight changes were observed. Although one of the three isolates had come from the environment, there was no clear difference between it and the clinical isolates.
Discussion
Our study disclosed that 1) the culture filtrate of A. fumigates has a toxic effect on macrophages, 2 ) the cytotoxic action is rapid and potent, causing morphological changes and even death in macrophages, 3 ) the activity of the culture filtrate becomes overt within 24 h of culture, 4) this activity is greatly decreased when heated at 100° C for 10 min, and 5) the culture filtrate of other Aspergillus species (A. niger, A. flavus, A. terreus ) has very weak or no effect on macrophages. From these results it is strongly suggested that A. fumigatus elaborates some macrophagetoxic substance (s) in the culture filtrate.
Studies have been reported the culture filtrate of A. fumigatus on mammalian cells6-9). Although investigations of the effect on phagocytes have also been carried out on macrophages and polymorphonuclear leukocytes8, 11) , the previous findings were limited to the suppression of the function of phagocytes such as phagocytosis, chemotaxis, and 02-release. The morphological changes and destruction of macrophages seen in our study have not been reported and, to our knowledge, this is the first report of its kind.
The characteristics of culture filtrate depend on the culture conditions, namely the medium, temperature, concentration of fungi, duration of culture, type of container, etc. In this regard, our system for collecting culture filtrates had two specific features, the duration and the container for the incubation. In terms of incubation time, most of the previous studies of A. fumigatus culture filtrate 'required 3-7 days of culture to achieve detectable levels of activity8, 11, 12). It may be rather unreasonable, however, to assume that toxicity which starts to be exerted after several days of culture plays a critical role in the actual infection. Therefore, the rapid onset of the activity is another distinction of our culture filtrate, and suggests that this activity may have a crucial function in the actual infection.
The other feature of our culture system concerns the container. In earlier studies the culture filtrate of A. fumigates was generally made in large flasks without shaking812 ) , which rendered the environment of the fungi to be different from the actual one in vivo. For instance, fungi growing at the bottom of 300 ml of culture medium in a 500 ml flask are presumably exposed to a completely different environment from the actual in vivo condition, particularly from the viewpoint of aeration compared with that in the infected lung. In contrast, the depth of the medium used in our study was only 2 3 mm, and aeration of the medium was believed to be quite efficient due to its thin layer. Although the reason for the rapid production of the toxic substance in our study is not fully understood, we suspect that the efficient aeration might have had a critical impact on the metabolism of the fungi, accelerating the production of the toxic substance (s) that remained undetectable in the regular culture system. This high level of aeration provided our culture system with another advantage, namely that the culture environment was much closer to that of the actual infection because the fungi were exposed to a high content of oxygen in the lung, the primary target organ of aspergillosis.
The active substance (s) in our culture filtrate is unknown. Among various virulence factors of A. fumigatus like protease'), rodlet5), Asp-hemolysin2), restrictocin4) and gliotoxin8,11), gliotoxin may be a possible substance because it shares the similar characters of antiphagocytic activity and inactivation of the activity by heating. However, all of the studies on gliotoxin production to date have claimed that at least three days of culture are required before it exerts these effects in culture filtrate 8 ), and the possible relation between gliotoxin and the active substance in our culture filtrate remains obscure. Analysis of these substances with regard to their structure and biological activities is now underway.
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